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Abstract
AIM: To investigate fat infiltration and volume of 
spino-pelvic muscles in adults spinal deformity (ASD) 
with magnetic resonance imaging (MRI) and 3D 
method combining dedicated magnetic resonance 
imaging acquisition (Dixon method) and 3D reconstruc-
tions. The results demonstrated that mechanisms of fat 
infiltration are not similar among the muscle groups. 
Degeneration impacted the spinal and hip extensors 
most, key muscles of the sagittal alignment, highlighting 
the need for considering muscular factors beyond skeletal 
parameters.
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INTRODUCTION
The muscular system plays an essential role in the 
maintenance of postural balance, however, there has 
only been limited investigation into the relationship 
between the muscular system and structural alignment 
pathologies. 
In adult spinal deformity (ASD), recent research 
has highlighted the critical role of sagittal spino-pelvic 
alignment in patient-reported pain and function[1-4]. 
Therefore, key muscles involved in pelvic-positioning 
and lumbar-stabilization are at the forefront of research 
needs. 
Preliminary efforts have been directed towards 
understanding spine or thigh muscles using 
histological analyses[5-8], muscular 
strength[9-12], electromyographical 
signals[13-15], muscle cross-sectional areas [via 
ultrasound, computed tomography (CT)-scan or 
magnetic resonance imaging (MRI)][11,15-26], 
measurement of muscular density with CT-
scan[15-18,27], or muscular intensity with 
MRI[10,11,22,23,25,26,28]. However, difficulties 
arise in representing inter-muscle and inter-
subject variability[29].
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To overcome these limitations, Jolivet et al[30-32] 
developed a method of three-dimensional muscle 
reconstruction via segmentation of a few axial images 
(MRI or CT-scan). This method has been successfully 
implemented with CT scans for analysis of muscles 
involved in knee motion[33] and hip muscles[34]. Neverthe-
less, the radiation exposure from CT scans makes it 
unacceptable as a tool for studies involving ASD patients, 
frequently subjected to radiographic examination. 
Notably, the method has also been performed using 
MRI sequences[33]. However, contrary to CT scans, MRI 
cannot be interpreted in terms of tissue composition, 
so quantification of fat and muscle requires the use of 
dedicated MRI pulse sequences. 
Dixon et al[35-40] developed a MRI method for fat 
quantification which exploits the slight difference in the 
Larmor frequency of fat and water protons (chemical 
shift). By acquiring the signal at different echo times, 
reconstructions.
METHODS: Nineteen female ASD patients (mean age 
60 ± 13) were included prospectively and consecutively 
and had T1-weighted Turbo Spin Echo sequence MRIs 
with Dixon method from the proximal tibia up to T12 
vertebra. The Dixon method permitted to evaluate the 
proportion of fat inside each muscle (fat-water ratio). In 
order to investigate the accuracy of the Dixon method 
for estimating fat vs  water, the same MRI acquisition 
was performed on phantoms of four vials composed 
of different proportion of fat vs  water. With Muscl’X 
software, 3D reconstructions of 17 muscles or group of 
muscles were obtained identifying the muscle’s contour 
on a limited number of axial images [Deformation of 
parametric specific objects (DPSO) Method]. Musclar 
volume (Vmuscle), infiltrated fat volume (Vfat) and 
percentage of fat infiltration [Pfat, calculated as follow: 
Pfat = 100 × (Vfat/Vmuscle)] were characterized by 
extensor or flexor function respectively for the spine, 
hip and knee and theirs relationship with demographic 
data were investigated. 
RESULTS: Phantom acquisition demonstrated a non 
linear relation between Dixon fat-water ratio and the 
real fat-water ratio. In order to correct the Dixon fat-
water ratio, the non linear relation was approximated 
with a polynomial function of degree three using the 
phantom acquisition. On average, Pfat was 13.3% ± 
5.3%. Muscles from the spinal extensor group had 
a Pfat significantly greater than the other muscles 
groups, and the largest variability (Pfat = 31.9% ± 
13.8%, P  < 0.001). Muscles from the hip extensor 
group ranked 2nd in terms of Pfat (14% ± 8%), and 
were significantly greater than those of the knee 
extensor (P  = 0.030). Muscles from the knee extensor 
group demonstrated the least Pfat (12% ± 8%). They 
were also the only group with a significant correlation 
between Vmuscle and Pfat (r  = -0.741, P  < 0.001), 
however this correlation was lacking in the other 
groups. No correlation was found between the Vmuscle 
total and age or body mass index. Except for the spine 
flexors, Pfat was correlated with age. Vmuscle and Vfat 
distributions demonstrated that muscular degeneration 
impacted the spinal extensors most.
CONCLUSION: Mechanisms of fat infiltration are not 
similar among the muscle groups. Degeneration impacted 
the spinal and hip extensors most, key muscles of the 
sagittal alignment. 
Key words: Spino-pelvic musculature; Adults with spinal 
deformity; Muscular degeneration; Muscular volume; 
Fat infiltration; Dixon method
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Core tip: Volume and fat infiltration of spine, hip, and 
knee extensor and flexor muscles of 19 patients with 
spinal deformity were evaluated with an innovative 
the modulation of the signal intensity can be fitted and 
the fat and water content can be separated.
Thus, by utilizing Dixon acquisitions and 3D muscular 
reconstructions, muscular volume and fat infiltration 
has been obtained and used to investigate the main 
functional groups of muscles associated with sagittal 
posture. The hypothesis is that volume loss and fat 
infiltration, previously demonstrated as factors of 
skeletal muscle degeneration due to aging[41,42], do not 
equally affect the different muscles.
MATERIALS AND METHODS
Inclusion/exclusion criteria
This study is a prospective consecutive pilot series of 
ASD patients, recruited following international review 
board approval and written informed consent. Inclusion 
criteria were female patients over 35 years old and at 
least one of the following radiographic parameters: 
Thoraco-lumbar or lumbar coronal Cobb angle greater 
than 30°, sagittal vertical axis (SVA) greater than 4 cm, 
or pelvic tilt (PT) greater than 20°. Patients with existing 
instrumentation, history of spine surgery, or presenting 
contraindication for MRI were excluded.
Radiographic acquisition and measurements
All patients underwent a full-length coronal and 
lateral X-ray in free standing position[43]. Radiographs 
were measured using a validated spine software[44,45] 
(SpineView, Laboratory of Biomechanics ENSAM 
ParisTech, France), which provided the following spino-
pelvic parameters: Coronal plane: Cobb angle and apex 
location, coronal alignment; Sagittal plane: SVA, PT, 
pelvic incidence (PI), pelvic incidence minus lumbar 
lordosis (PI-LL), lumbar lordosis (L1S1), thoracic kypho-
sis (T4T12). 
Patients MRI acquisition
MRI was performed on a 3T whole-body scanner 
(Magnetom Skyra, Siemens Healthcare, Erlangen, 
Germany) using a 24-channel spine matrix coil and 
three 16-channel flex coils from the same vendor. The 
imaging protocol included a T1-weighted Turbo Spin Echo 
sequence for applying the two point Dixon method[35-38] 
[Repetition time (TR)/Echo time = 820/11 ms, 
acquisition matrix = 448 × 308, phase oversampling = 
100%, in plane resolution = 0.94 × 0.94 mm2, 4 stages, 
40 slices by stage, slice thickness = 5 mm, slice gap = 
0 mm, flip angle = 157°, turbo factor = 3, echo trains = 
107, parallel imaging acceleration factor (iPat) = 2, iPat 
references lines = 26, bandwidth = 319 Hz/pixel, echo 
spacing = 15.7, acquisition time per stage = 5:53 min, 
Total acquisition time = 25 min]. Water and fat images 
were automatically generated by the scanner from in and 
out of phase images (Figure 1). Imaging volume covered 
the proximal tibia to the lumbar spine (T12 vertebra) and 
was acquired in four stages. 
Phantom MRI acquisition
In order to investigate the accuracy of the 2 points 
Dixon method for estimating fat vs water, the same 
MRI acquisition was performed on phantoms composed 
of four 10 mL plastic vials. One vial was filled with 
soybean oil (100% fat) and another full of water (0% 
fat). The remaining two vials contained an emulsion 
of 10% and 20% fat obtained from intralipid 20% fat 
emulsion (Sigma-Aldrich, St. Louis, MO, United States). 
For the acquisition, the phantoms were submerged in a 
phosphate buffered saline solution.
3D muscle reconstruction 
The 3D reconstruction of individual muscles, listed Table 
1, was performed using Muscl’X software (ENSAM, 
Laboratory of Biomechanics, Paris, France)[26,30,32,33]. The 
reconstruction technique is based on the deformation 
of parametric specific objects (DPSO algorithm) as 
described by Jolivet et al[30-32] and briefly summarized 
hereafter.
For each muscle, a subset of MRI axial slices (MSS: 
manually segmented slices) were manually segmented. 
These contours were then approximated by ellipses, 
and cubic spline interpolation was used to interpolate 
ellipses on each intermediate MRI slice. These 
interpolated ellipses were deformed non-linearly using 
the manual segmentations of MSS. All segmentations 
were then verified by the operator.
Figure 1  Example of water (A) and fat (B) images with Dixon methods on a 64-year-old female adult spinal deformity patient.
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Some muscles were combined, since the low contrast 
made an accurate separation of the individual muscles 
difficult. The lumbar part of the psoas was reconstructed 
separately, but at a point where the distinction with the 
iliacus was not possible, it was then integrated into the 
iliacus. The external obturator, adductor longus, brevis 
and magnus and pectineus were reconstructed into a 
single group named “Adductor”. The vastus lateralis and 
intermedius were reconstructed together. The muscle 
reconstructions were done on the fat images. Figure 2 
presents the 3D reconstruction of the left muscles for 
one patient. The femurs were also reconstructed on the 
water images, the contrast between the cortical and 
cancellous bone was greater on water images.
Right and left muscles were grouped according 
to the joint (spine, hip, and knee) and by mechanical 
action (extensor/flexor) (Table 1). The entire set of 
muscles were also grouped and named total muscles.
Real fat water ratio: Correction from fat-water ratio with 
Dixon method
From the fat and water images, the fat-water ratio 
by voxel was calculated using equation 1 where SIfat 
represents the signal intensity of the fat signal and 
SIwater the signal intensity of the water image: 
 Dixon Dixon fat-water ratio = 100 × 
 [SIfat/(SIfat + SIwater)]  (1)
From the Phantom acquisition, an 8-by-10 region 
of interest (ROI) was drawn in the center of each vial 
and the mean and the standard deviation of the Dixon 
fat-water ratio in each ROI were then calculated. Those 
results demonstrated a non linear relation between 
Dixon fat-water ratio and the real fat-water ratio. In 
order to correct the Dixon fat-water ratio, the non linear 
relation was approximated with a polynomial function of 
degree three (F) using the phantom acquisition. Then 
for each patients, the real fat-water ratio was calculated 
for each voxel for with equation 2. 
 Real fat-water ratio = F (Dixon fat-water ratio)
 = 0.0002 × (Dixon fat-water ratio)3 - 0.0071 
       × (Dixon fat-water ratio)2 + 0.5607 × 
 (Dixon fat-water ratio) - 0.7714  (2)
If F (Dixon fat-water ratio) was less than 0%, real 
fat-water ratio was evaluated at 0 and if F (Dixon fat-
water ratio) was greater than 100, real fat-water ratio 
was evaluated at 100.
Quantification of fat components and muscle 
parameters
From the 3D reconstructions, muscular volumes were 
calculated (Vmuscle). The volume of infiltrated fat 
inside each muscles (Vfat) was calculated with the real 
fat-water ratio. The volumes were then normalized 
based upon the volume of the right femur, in an effort 
to limit the impact of the patient morphology. For each 
joint, the ratio of Vmuscle and Vfat between flexors 
and extensors were calculated. The percentage of fat 
infiltration (Pfat) was also expressed and was calculated 
as follow: Pfat = 100 × (Vfat/Vmuscle). 
Statistical analysis
Muscular volumes and fat infiltration distribution were 
characterized as well as Pfat. Paired t-test was used 
Spine extensor Spine flexor Hip extensor Hip flexor Knee extensor Knee flexor Total muscle
Quadratus lumborum x x
Tractus medialis x x
Tractus lateralis x x
Psoas x x x
Iliacus x x x
Biceps femoris short x x x
Biceps femoris long x x x
Semi-membranosus x x x
Semi-tendinosus x x x
Gluteus maximus x x
Rectus femoris x x x
Gracilis x x x
Sartorius x x x
Adductor x x
Tensor fascia lata x x
Vastus lateralis intermedius x x
Vastus medialis x x
Table 1  Muscles analyzed in this study, and grouping by function and joint
Medial view
Adductor
Biceps femoris long
Biceps femoris short
Gluteus maximus
Gracilis
Iliacus
Psoas
Quadratus lumborum
Rectus femoris
Sartorius
Semi-membranus
Semi-tendinus
Tensor fascia lata
Tractus lateralis
Tractus medialis
Vastus medialis
Vastus lateralis intermedius
Frontal view
Figure 2  Medial and frontal view of all the left muscles reconstructed for 
one patient.
to compare muscular volumes and fat infiltration 
distribution and Anova t-tests were used to compare 
muscular groups. For the Anova test, an analysis of the 
homogeneity of variance was performed, followed by 
Bonferonni or Games-Howell tests. Pearson’s correlation 
coefficient was used to investigate the relationship 
between muscle parameters and demographic data. For 
each statistical analysis, the level of significance was set 
at 0.05.
RESULTS
Demographics 
19 consecutive ASD patients with a mean age of 60 
years old (range: 37-80) and a mean body mass index 
(BMI) of 22.9 kg/m2 (range 17.4-31.2) were included 
(Table 2). There was no significant correlation between 
age and BMI (r = 0.375, P = 0.114).
Radiographic analysis 
In the coronal plane, the mean coronal alignment 
was 23 mm (range: 0-119 mm, 16% of the patients 
reached a threshold of 40 mm). The mean maximal 
Cobb angle was 40° (range: 0°-60°, 79% of the patients 
reached the threshold of 30°). Forty-seven percent of 
the patients had a double curve, 32% a single curve, 
and 21% did not exhibit any coronal curve.
Thoracic kyphosis ranged between -91° and -8° 
with average of -51° ± 22°. The mean L1S1 was 54° 
(range: 15°-75°) for a mean PI of 55° (range: 30°-77°). 
The analysis of PI-LL (mean = 1°, range = -35°-55°) 
revealed that 21% of the patients were above the 
threshold defined by the SRS-Schwab classification[3,46]. 
SVA ranged from -66 to 118 mm. The analysis of the PT 
revealed that 38% of the patients reached a threshold 
of 20°[3]. 
Phantom analysis and correction of the Dixon fat-water 
ratio 
The Table 3 presented the mean and standard deviation 
of Dixon fat-water ratio for the phantom with the 
different concentrations of fat. As previously mentioned, 
the function F, presented in equation 2, was used to 
approximated this non linear relation between the Dixon 
fat-water ratio and the real fat-water ratio (Figure 3).
Muscle analysis
Femoral volume normalization: The average 
femoral volume was 414 ± 71 cm3. A larger femoral 
volume was associated with a larger muscular volume 
when considering the Total Muscle (Pearson r2 = 0.837, 
P-value < 0.001). 
Muscle and fat infiltration repartition by functional 
groups: “Hip group” Vmuscle was significantly bigger 
than the “Knee group” Vmuscle which in turn was 
significantly bigger than those of the “Spine Group” 
(Figure 4 and Table 4). The Spine extensor group 
represented on average 9% ± 2% of the total muscular 
volume but a greater proportion (21% ± 7%) of the 
total infiltrated fat volume (P < 0.001). The hip extensor 
group represents 29% ± 2% of the total muscular 
volume and 32% ± 5% of the total infiltrated fat 
volume (P < 0.001). For the Spine extensor group and 
the knee extensor group, the distribution of muscular 
volume and infiltrated fat was similar (respectively 7% 
and 17% with standard deviation less than 2%). For 
the hip flexor and knee extensor groups the distribution 
of infiltrated fat was significantly smaller than the 
distribution of muscular volume (P < 0.001).
Percentage of fat infiltration: Pfat: The analysis of 
Pfat (Table 5) within each group of muscles revealed 
not only a large variability among patients (range: 
6.1%-28.8%, Figures 5 and 6), but also highlighted 
the difference of Pfat between muscle groups. Muscles 
from the spinal extensor group had a Pfat significantly 
greater than the other muscles groups, and the largest 
variability (Pfat = 31.9% ± 13.8%, P < 0.001). Muscles 
from the hip extensor group ranked 2nd in terms of Pfat 
(14% ± 8%), and were significantly greater than those 
of the knee extensor (P = 0.030). Muscles from the 
knee extensor group demonstrated the least Pfat (12% 
Vails Real fat concentration 
(%)
Dixon fat-water 
ratio (%)
Only soybean oil 100 85.4 ± 0.3
Intralipid 20% fat emulsion   20 38.7 ± 1.7
Intralipid 10% fat emulsion   10 22.2 ± 1.0
Only water     0   1.4 ± 0.6
Table 3  Mean and standard deviation of Dixon fat-water 
ratio for the phantom with the different concentrations of fat
Min Max Mean SD 95%CI
Lower Upper
Age 37 80 60 13 54 66
BMI    17.4    31.2    22.9        3.52    21.1    24.6
Table 2  Demographic information
BMI: Body mass index.
Figure 3  Average fat-water ratio for the phantom with different concentration 
of fat (0%, 10%, 20% and 100%) and the approximated function real fat-water 
ratio = F (Dixon fat-water ratio).
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± 8%). They were also the only group with a significant 
correlation between Vmuscle and Pfat (r = -0.741, P 
< 0.001), however this correlation was lacking in the 
other groups. 
Flexors vs extensor: The comparison of flexor vs 
extensors revealed a larger flexor contribution with 
regards to Vmuscle for the hip. For the spine, the 
ratio flex/ext highlight the greater fat infiltration of the 
extensor (Table 6). 
Age vs muscle parameters (Table 7): No correlation 
was found between Vmuscle and age except for the 
knee extensors (Pearson’s r = -0.701, P = 0.001). 
For Vfat, all groups were significantly and positively 
correlated with age (Pearson’s r between 0.555 and 
0.645) except the Spine groups. Except the spine 
extensor, Pfat was positively and significantly correlated 
with age.
BMI vs muscle parameters (Table 8): For the Spine 
groups, no correlation was found between Vmuscle, 
Vfat or Pfat and BMI. Vmuscle of the hip extensors 
and the knee flexors was significantly and positively 
correlated with BMI (respectively, Pearson’s r = 0.642, P 
= 0.003 and Pearson’s r = 0.470, P = 0.042). BMI was 
correlated with Vfat and Pfat in the hip and knee flexor 
and extensor.
DISCUSSION
While the radiographic presentation of ASD patients 
commonly demonstrates coronal and sagittal compo-
nents of malalignment, sagittal spino-pelvic parameters 
have been identified as the main radiographic drivers of 
disability[2,47-49]. The objective of the current study was 
to investigate the volume and fat infiltration of the main 
functional groups of muscles associated with sagittal 
posture.
Muscular volume 
Min Max Mean SD 95%CI
Lower Upper
Spine extensor   0.92       1.89   1.46 0.27   1.33   1.59
Spine flexor   0.85       1.67   1.24 0.22   1.13   1.34
Hip extensor   3.42       6.00   4.83 0.63   4.52   5.13
Hip flexor   4.79      7.13   5.91 0.71   5.57   6.25
Knee extensor   3.70      6.95   5.15 0.86   4.73   5.57
Knee flexor   2.18      3.41   2.88 0.33   2.72   3.04
Total muscles 12.87    19.44 16.67 1.87 15.77 17.57
Table 4  Muscular Volumes of each muscle group
Reported values are normalized based upon the volume of the right femur of each patient (for example, 
the mean “Total Muscles” volume = 16.67 femurs volume). 
Percentage of fat component
Min Max Mean SD 95%CI
Lower Upper
Spine extensor 12.72 71.15   31.90 13.83 25.24   38.57
Spine flexor   5.67 20.39   11.92   3.63 10.17   13.66
Hip extensor   6.39 38.09   14.81   7.01 11.43   18.19
Hip flexor   6.10 20.22   10.76   3.16   9.24   12.29
Knee extensor   3.84 20.02     8.66   4.03   6.72   10.60
Knee flexor   6.93 25.44   12.81   4.20 10.78   14.83
Total muscles   6.12 28.84   13.34   5.33 10.77   15.91
Table 5  Percentage of infiltrated fat expressed by functional groups
Figure 4  Distribution of Muscular volume and infiltrated fat volume expressed in percentage of the total muscle muscular volume and of the total 
infiltrated fat volume respectively. Vmuscle: Muscular volume; Vfat: Infiltrated fat volume.
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Relationship with posture
Fat infiltration within muscle groups ranged from 8.7% 
and 31.9% on average-the least affected being the knee 
extensors. This suggests that muscular degeneration, 
evaluated with fat infiltration, does not impact the 
groups of muscles to the same extent. The lumbar 
spine extensors had the greatest percentage of fat 
component (31.9%). This is particularly interesting in 
regard to the loss of lumbar lordosis present in most 
ASD patients[4] because lumbar spine extensors are 
highly involved in the maintain of lumbar lordosis. 
Furthermore, correlations between fat infiltration and 
age for the spine were smaller than for the other groups 
and no correlation was found with the BMI. These 
results suggest that the greater degeneration of those 
muscles is probably not solely attributed to age and 
BMI. However the study cannot conclude whether this 
observation is a cause or a consequence of the spinal 
deformity.
Moreover, in the ASD population, sagittal malalig-
nment is highly associated with pelvic retroversion, 
described by PT[1] and the agonist of this retroversion, 
the hip extensor, has the second greatest percentage of 
fat infiltration. 
Flexor and extensor fat infiltration ratios were found 
to be smaller for the spine groups. This finding in the 
ASD population studied may reflect the unfavorable 
balance of forces leading to sagittal plane deformity 
across the trunk. Coupled with the findings of hip 
extensors and loss of contractile component with ageing, 
components of sagittal spino-pelvic misalignment from 
a perspective of soft tissue imbalance are emerging.
Figure 5  Magnetic resonance imaging samples (A: Lumbar area; B: 
Pelvis area; C: Limb area) of a 37-year-old female adult spinal deformity 
patient with a body mass index of 22 kg/m2. This patient presents a sagittal 
deformity with hyperlordosis of the lumbar spine (pelvic incidence minus 
lumbar lordosis = -29°) and a thoraco-lumbar kyphosis of 45°. The analysis of 
the muscle quality revealed an 6.1% of fat infiltration on average.
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Figure 6  Magnetic resonance imaging samples (A: Lumbar area; B: Pelvis 
area; C: Limb area) of an 80-year-old female with a body mass index of 
31 kg/m2. This patient presents a degenerative scoliosis with a thoraco-lumbar 
Cobb angle of 32°, a hyperkyphosis of the thoracic spine (thoracic kyphosis 
= 63°) and a global sagittal malalignment (sagittal vertical axis = 11 cm). The 
analysis of the muscle quality revealed an 28.8% of fat infiltration on average.
A
B
C
Fat infiltration, age and BMI
The difference between muscular volume and infiltrated 
fat volume demonstrated that muscle degeneration 
is not similar among the different functional groups. 
Those differences were highlighted by the difference of 
correlation between age and BMI. Only knee extensor 
muscular volume loss was correlated with age, however, 
infiltrated fat was correlated with age for each muscle 
group (except Spine Flexor P = 0.068), reflecting that 
age-related muscular degeneration is in general more 
associated with an increase of fat infiltration than an 
absolute muscular volume loss.
Greater BMI was associated with a greater perce-
ntage of infiltrated fat for hip and knee groups, but also 
associated for the hip extensor and the knee flexor 
groups with an increase of the muscular volume.
In light of the wide range of age and BMI values 
observed in this pilot study, the current findings will 
have to be confirmed in a larger population.
Fat and contractile component evaluation 
The evaluation of the fat infiltration using the two points 
Dixon method has already been applied to investigate 
different organs (liver[38,40], bones[39] and muscles[36,50]). 
The decay in signal intensity between the in-phase 
and opposed phase images due to T2* was not taken 
into account[38]. The measurement of T2* would 
have required additional measurements or the use of 
sequences (e.g., multi echo gradient echo sequences) 
that were not available at our scanner. Even more, the 
limited ability of patients with spinal deformities to hold 
still in the magnet forced us to reduce the scan time, 
so we could not measure T2* on these patients. Recent 
studies have shown that the two point Dixon without T2* 
has excellent concordance with spectroscopy measured 
in the spine, bones[39], liver[40], or spine muscles[50].
With the 3 points Dixon method applied onto 
phantoms filled with different proportions of fat and 
water, Kovanlikaya et al[51], demonstrated a linear 
Vmuscle Vfat Pfat
r P r P r P
Age Spine extensor -0.208 0.393   0.420 0.073  0.480a 0.038
Spine flexor -0.417 0.076   0.208 0.393 0.427 0.068
Hip extensor  0.018 0.943    0.564a 0.012  0.633b 0.004
Hip flexor -0.309 0.198    0.555a 0.014  0.658b 0.002
Knee extensor  -0.701b 0.001    0.645b 0.003  0.680b 0.001
Knee flexor -0.319 0.183    0.589b 0.008  0.679b 0.001
All muscles -0.433 0.064    0.614b 0.005  0.676b 0.001
Table 7  Correlation between age and muscular volume, infiltrated fat volume and percentage of 
fat component
Statistically significant difference with aP-value < 0.05; Statistically significant difference with bP-value < 0.01. 
Vmuscle: Muscular volume; Vfat: Infiltrated fat volume; Pfat: Percentage of fat component.
Vmuscle Vfat Pfat
r P r P r P
BMI Spine extensor   0.127   0.606 0.017    0.944  -0.038 0.876
Spine flexor -0.027   0.913 0.443    0.057   0.450 0.053
Hip extensor    0.642b   0.003  0.693b    0.001    0.587b 0.008
Kip flexor   0.159   0.515  0.657b    0.002    0.587b 0.008
Knee extensor -0.236   0.330  0.596b    0.007    0.518a 0.023
Knee flexor   0.470a   0.042  0.761b < 0.001    0.570a 0.011
All muscles   0.207   0.394  0.592b    0.008    0.458a 0.049
Table 8  Correlation between age and muscular volume, infiltrated fat volume and percentage of 
fat component
Statistically significant difference with aP-value < 0.05; Statistically significant difference with bP-value < 0.01. 
Vmuscle: Muscular volume; Vfat: Fat volume; Pfat: Percentage of fat component.
Ratio flex/ext: Vmusle Ratio flex/ext: Vfat
Min Max Mean SD 95%CI Min Max Mean SD 95%CI
Lower Upper Lower Upper
Spine 0.61 1.21 0.87 0.17 0.79 0.95 0.10 0.68 0.36 0.14 0.29 0.42
Hip 1.02 1.43 1.23 0.13 1.17 1.29 0.54 1.31 0.95 0.19 0.86 1.04
Knee 0.42 0.72 0.57 0.08 0.53 0.61 0.66 1.10 0.87 0.12 0.81 0.93
Table 6  Ratio between flexors and extensors for each group of muscles (muscular volume and infiltrated fat volume)
Vmuscle: Muscular volume; Vfat: Infiltrated fat volume.
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correlation between the fat-water ratio and the pro-
portion of fat. However in our phantom study, this 
relationship was not linear, explaining why we corrected 
the fat water ratio evaluated with the two Dixon method 
with a polynomial function. 
This disagreement observed between the nominal 
and the measured fat fraction in phantoms can be 
caused partially because of the T1 weighting of the 
images. Fat have much shorter T1 values (300 ms) 
than water in muscle (900 ms) at 3T[52]. With a TR 
of 820 ms the magnetization from fat was almost 
completely relaxed [TR/T1fat approximately 2.73, 
(1-e-TR/T1fat) = 0.94, i.e., 94% of the signal available 
for the next excitation], while the magnetization for 
water did not have enough time to recover [TR/T1water 
approximately 0.91, (1-e-TR/T1water) = 0.60, i.e., 
60% of the signal available for the next excitation]. 
Therefore in our measurements the signal from water 
was underestimated and this resulted in overestimation 
of the fat fraction. Additional errors with the two-point 
Dixon included sensitivity to B0 inhomogeneity, which 
could explain why the differences between the in phase 
and out of phase in the 100% phantom lead to an 
underestimation of the fat fraction for large values of 
the fat fraction.
While investigations of the muscles of the thigh[36] or 
extensor of the spine[50] exist, they are based on a limited 
number of MRI slices and none of them report results on 
the entire muscular volume. To our knowledge, there is 
no study combining 3D reconstruction of muscles and fat 
component calculated with the two points Dixon method. 
Limitations
Due to our experimental design and the limited 
sample size, we cannot draw any definitive conclusions 
correlating ASD and muscular factors. The various 
deformities presented in this population limited the ability 
to associate changes in a specific muscle groups with 
deformation type. Given the fact that the prevalence of 
adult spinal deformity is greater in female than in male 
patients, only female subjects were included in this 
study in an effort to limit confounding factors related 
to gender’s difference in muscular system. Female 
subjects were considered due to the higher incidence of 
spinal deformity in the female population[6,20]. Data for 
a larger gender mixed population and an asymptomatic 
population are important next steps to evaluate more 
clearly the contractile component and correlation 
between muscle groups of the spino-pelvic complex and 
spino-pelvic alignment.
The applied MRI protocol permits a quantitative and 
qualitative characterization of the main muscles involved 
in the spino-pelvic complex. Regarding the differences 
between distribution of muscular and contractile 
components only, this study demonstrated the necessity 
of a complete characterization of the muscular system 
(including the quantification of the fat infiltration) and 
stress the limitations of considering only geometric 
parameters. Muscle degeneration seems more related to 
fat infiltration than volume loss but muscle degeneration 
does not affect all the muscles equally. In the studied 
ASD population, lumbar spine and hip extensor were the 
groups most affected by muscular degeneration, and 
muscle volume ratios between flexors and extensors 
were greatest in the spine group.
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Background
In adult spinal deformity, recent research has highlighted the critical role of 
sagittal spino-pelvic alignment in patient-reported pain and function. However 
these patients are mostly analyzed by skeletal parameters obtained with 
radiographies, with only a minor consideration on the muscular system which 
limits the understanding of the pathology.
Research frontiers
Numerous methods have been directed towards analyzing muscular system. 
However difficulties arise in representing inter-muscle and inter-subject 
variability as well as obtaining a reliable evaluation of muscular volume and fat 
infiltration. 
Innovations and breakthroughs
Combining Dixon magnetic resonance imaging (MRI) acquisitions and 3D 
muscular reconstructions, muscular volume and fat infiltration have been 
obtained for the main functional groups of muscles associated with sagittal 
posture in the setting of adult spinal deformity. The results have demonstrated 
that mechanisms of fat infiltration are not similar among the muscle groups for 
this population. Moreover degeneration mostly impacted the spinal and hip 
extensors, key muscles in opposition with the anterior sagittal malalignment.
Applications
The results suggest the interest of a complete characterization of the muscular 
system (including the quantification of the fat infiltration) in the evaluation of 
patients with spinal deformities.
Terminology
Adult spinal deformity refers to abnormal curvatures of the spine in patients who 
have completed their growth. Dixon MRI allows the separation of fat and water 
content and so the calculation of fat infiltration within each muscle. 
Peer-review
This manuscript describes an observational study of volume loss and fat 
infiltration of muscles associated with sagittal posture in patients with adult 
spinal deformity.
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